Many viruses modulate calcium (Ca 2+ ) signaling to create a cellular environment that is more permissive to viral replication, but for most viruses that regulate Ca 2+ signaling, the mechanism underlying this regulation is not well understood. 
Introduction
Viruses are obligate intracellular parasites, and many viruses have developed methods to subvert host cell signal transduction pathways and factors to support their own replication and survival [1] . Ca 2+ is a universal and versatile intracellular second messenger, and Ca 2+ signaling affects almost every cellular process, ranging from fertilization to cell proliferation and cell death [2] [3] [4] [5] . The amplitude, frequency, and spatiotemporal patterning of an intracellular Ca 2+ signal can elicit differential modulation of Ca
2+
-binding proteins and Ca
-dependent effectors, thereby regulating numerous cellular responses and functions [5, 6] . Not surprisingly, many pathogens, including a large number of DNA and RNA viruses, encode proteins that alter normal cellular Ca 2+ signaling; for viruses, altered Ca 2+ signaling typically enhances viral replication [6, 7] . Due to the versatile nature of a Ca 2+ signal, modulation of intracellular Ca 2+ signaling is an ideal mechanism for viruses to create a cellular environment that is permissive to viral replication. Although Ca 2+ signaling is a common target of many viruses, for most of these viruses, the mechanisms that underlie viral-mediated regulation of Ca 2+ levels and sig- ] c and/or cytosolic Ca 2+ signaling can affect development and progression of many diseases, including heart disease, schizophrenia, bipolar disorder, and Alzheimer's disease. Moreover, disruption of Ca 2+ signaling has been linked to cancer initiation, progression, metastasis, invasion, and tumor-associated angiogenesis [2, 5, 9] . Altered [Ca 2+ ] c has also been implicated in the proliferation of human hepatoma cells [10, 11] , and modified expression of Ca 2+ signaling regulators has been associated with the development of hepatocellular carcinoma (HCC) [12] . Interestingly, altered Ca 2+ signaling and elevated [Ca 2+ ] c has been observed in cells with replicating hepatitis B virus (HBV) and hepatitis C virus (HCV); these viruses are currently the most common causes of HCC. These observations provide support for the notion that viral modulation of cellular Ca 2+ signaling pathways could directly influence the development of viral-associated diseases.
Globally, approximately 350 million people are chronically infected with HBV. HBV infection is associated with life-threatening liver diseases, including cirrhosis and HCC [13] [14] [15] . HBV is a member of the Hepadnaviridae family, and its genome is a small, partially doublestranded DNA of 3.2 kb in length containing four overlapping open reading frames that encode just seven proteins [15] . The smallest HBV protein, HBx, is the main viral regulatory protein and stimulates viral replication both in vitro and in vivo [16] [17] [18] [19] [20] [21] [22] . HBx is localized mainly to the cytoplasm and nucleus of cells, with a small fraction present on the outer mitochondrial membrane (OMM), where HBx also interacts with the voltage-dependent anion channel (VDAC) [23] [24] [25] . HBx is thought to play a significant role in HBV pathogenesis, and many HBx activities, including its stimulation of viral replication and modulation of cell proliferation, apoptosis pathways, transcription, and other cell signaling pathways, are dependent on Ca 2+ 
Materials and methods

Animal studies
Surgery and isolation of hepatocytes from rats, and this study, was approved by the Institutional Animal Care and Use Committee of Drexel University College of Medicine and complied with the Animal Welfare Act, the Policy on Humane Care and Use of Laboratory Animal, and the NIH Guide for the Care and Use of Laboratory Animals (2011).
Isolation and maintenance of cultured primary rat hepatocytes
Hepatocytes were isolated from male Sprague-Dawley rats by a two-step perfusion method, as previously described [100] . Cells were plated on collagen-coated tissue culture plates or slides (see below) and maintained in Williams E medium supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 4 μg/ml insulin-transferrin-selenium, 5 μg/ml hydrocortisone, and 5 ng/ml epidermal growth factor at 37˚C in 5% CO 2 . Hepatocytes were monitored for maintenance of hepatocyte morphology and expression of hepatocyte-specific mRNAs (see below) throughout the time course of our experiments.
hepatocytes immediately following isolation (0 hr) and following 48 hours of culture on collagen-coated glass coverslips (48 hr) using Trizol (Invitrogen), according to manufacturer's protocols. RNA was treated with DNase and then converted to cDNA using M-MuLV reverse transcriptase (New England BioLabs, Inc). qPCR was performed with Power SYBR Green PCR master mix (Invitrogen), according to manufacturer's instructions. Plasmids encoding gene portions for albumin, transferrin, and HNF4α (see below) were used to generate a standard curve for each target. These standard curves enabled us to convert Ct values to cDNA copy numbers, which we used in our comparisons. Levels of connexin 43, a marker present in other types of liver cells, including liver sinusoidal endothelial cells (LSECs), and in dedifferentiated hepatocytes, but not in differentiated hepatocytes [39] , were also monitored; the absence of this marker in our hepatocytes confirmed both the purity of our preparation and the differentiated status of our cells. We also isolated RNA from primary rat LSECs and generated cDNA as described above. qPCR was performed on cDNA generated from LSECs and from hepatocytes at 0 hr and 48 hr for levels of connexin 43. A plasmid encoding a gene portion for connexin 43 (see below) was used to generate a standard curve, which enabled us to convert Ct values to cDNA copy numbers, which we used in our comparisons. Primers used for each target are listed in Table 1 .
Plasmids and transfections
Plasmids encoding gene portions for albumin, transferrin, HNF4α, and connexin 43 were constructed as follows: a portion of each gene was PCR amplified and cloned into the pcDNA3.1-vector. Primary rat hepatocytes were transfected using Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. Full-length HBx, containing N-terminally Flag- Primer Sequence tagged HBx cloned into the pcDNA3.1(-) vector (pcDNAHBx), has been previously described [25] . pGEMHBV and pGEMHBV Ã 7 have been previously described [41] [42] [43] . Briefly, pGEMHBV Ã 7 is identical to pGEMHBV except that a point mutation in the codon for the seventh amino acid of HBx generates a stop codon, preventing HBx expression [42] .
Reagents
Fura-4F/acetoxymethyl ester (Fura-4F/AM), pluronic acid, and ionomycin were purchased from Invitrogen; ATP was purchased from Amresco; 2-aminoethyldiphenyl borate (APB) was purchased from Cayman Chemical; vasopressin (Vp) was purchased from Calbiochem; lanthanide (La ) and sulfobromophthalein (BSP) were purchased from Sigma; and thapsigargin (TG) was purchased from Acros Organics.
Antibodies
The anti-HBV core (HBcAg) antibody was purchased from Dako-Cytomation, the anti-ß actin antibody was purchased from Sigma, the anti-HBx antibody was purchased from ViroStat, Inc, and the antibodies for Stim1 and Stim2 were purchased from Cell Signaling. 
Statistical analysis
For all Ca 2+ imaging studies, data are reported as population means ± standard error (SE). Statistical significance was determined using a two-tailed, nonparametric Student t test. A P value of 0.05 is considered statistically significant.
RT-qPCR of SOC channel and mitochondrial Ca 2+ signaling components Primary rat hepatocytes were transfected with the vector control (pGEM) or the pGEMHBV expression plasmid. Cells were collected 24 hours post transfection and total RNA was isolated using Trizol (Invitrogen), according to manufacturer's instructions. RNA was treated with DNase and then converted to cDNA using M-MuLV reverse transcriptase (New England BioLabs, Inc). qPCR was performed with Power SYBR Green master mix (Invitrogen), according to manufacturer's instructions. Fold differences in the expression of SOC channel and mitochondrial Ca 2+ signaling component mRNAs were calculated by the delta-delta Ct method [101] . Primers used for each target are listed in Table 1 .
Recombinant adenoviruses
Recombinant adenoviruses used in this study have been previously described [33, 37] . Briefly, recombinant adenoviruses that express GFP (AdGFP) or a greater-than unit length copy of the HBV genome (AdHBV) were used to infect cultured primary hepatocytes. All the recombinant adenoviruses express GFP, which was used to monitor infection efficiency and to ensure that 100% of hepatocytes were infected.
HBV replication assay
Primary rat hepatocytes were infected with AdHBV and treated with indicated SOCE inhibitors for 48 hours. HBV replication was analyzed by Southern blot analysis as previously described [29] .
Northern blot analysis
Primary rat hepatocytes were infected with AdHBV and treated with indicated SOCE inhibitors for 48 hours. For control and APB-treated hepatocytes, total RNA was isolated using Trizol (Invitrogen) according to the manufacturer's instructions. Poly(A) + RNA was isolated using oligo (dT)-cellulose columns (Molecular Research Center, Inc.) according to the manufacturer's instructions, followed by northern blot analysis as previously described [86] . For control and La 3+ -treated hepatocytes, total RNA was isolated using the Ambion mirVana isolation kit (Life technologies) according to the manufacturers instructions. 7μg of total RNA was glyoxalated for 1 hour at 55˚C, after which samples were separated for 1 hour on a 1% 0.01M NaPO 4 agarose gel with vigorous buffer recirculation. The gel was transferred to a GENESCREEN membrane (Perkin Elmer) using 10X SSC overnight. The membrane was briefly rinsed in 2X SSC, then pre-hybridized according to the GENESCREEN membrane manufacturer's instructions. An HBV-specific probe was generated using the Takara Random Primer DNA Labeling kit (Clonetech) and an HBV-genome length DNA fragment generated from digestion of the pGEM-HBV plasmid with the restriction enzyme AATII. Hybridization was carried out according to the GENESCREEN membrane manufacturer's instructions. The membrane was washed 3 times in 2X SSPE/0.1% SDS, and then imaged using a Storm PhosphorImager.
Primary rat hepatocyte transcriptome analysis
Rat transcriptome experiments have been previously described [55] , and associated data are available as a GEO SuperSeries using accession number GSE68113.
Results
HBV increases [Ca
2+
] c in cultured primary rat hepatocytes
We previously demonstrated that cultured primary rat hepatocytes, which are readily available, can serve as a surrogate model for studying HBV effects in primary human hepatocytes, which are not always available in large quantities. We have also reported that the HBV HBx protein has identical activities in cultured primary human and rat hepatocytes, providing further support for the use of primary rat hepatocytes in our studies [36, 37] .
To validate the differentiated status of our cultured primary rat hepatocytes, we first confirmed that our cultured primary rat hepatocytes express markers of differentiation throughout the time course of our experiments. Reverse transcription-quantitative PCR (RT-qPCR) was performed to quantitate levels of the hepatocyte-specific markers albumin, transferrin, and hepatocyte nuclear factor 4 alpha (HNF4α) [38] [39] [40] . These markers were expressed at high levels in hepatocytes immediately following isolation and also in hepatocytes that were maintained in culture for 48 hours, the longest time frame for our experiments ( Fig 1A) . We also monitored levels of connexin 43, a protein that is expressed in liver sinusoid endothelial cells, Kupffer cells, stellate cells, and in dedifferentiated hepatocytes, but not in differentiated hepatocytes [39] . We were unable to detect connexin 43 in our hepatocytes (data not shown), confirming both the purity of the hepatocyte preparation and the differentiation status of our cells. While some level of dedifferentiation is both normal and expected, the results of our studies indicate that within the timeframe of our experiments, our cells retained a high level of differentiation.
We responses of control and HBV-expressing hepatocytes. HBV has a very narrow host range and can only naturally infect primary human hepatocytes [15] ; we therefore delivered a copy of the HBV genome into cultured primary rat hepatocytes by transfection of a plasmid encoding a greater-than full length HBV genome (pGEMHBV). Previous studies have demonstrated that HBV that is expressed from this plasmid recapitulates all aspects of the HBV life cycle, with the exception of viral cell-entry steps [41] [42] [43] . Cultured primary rat hepatocytes were transfected with pGEMHBV or the vector control (pGEM); we assessed expression of HBV core protein (HBcAg) as a marker of general HBV protein expression ( Fig 1B) . HBV-expressing and control hepatocytes were loaded with the ratiometric fluorescent cytosolic Ca 2+ indicator Fura-4F.
The excitation wavelength of Fura-4F shifts from 380 nm to 340 nm upon Ca 2+ binding; by calculating the Fura-4F 340/380 ratio, changes in the [Ca 2+ ] c in a single cell can be measured.
We utilized ATP, a P2Y purinergic receptor agonist, to induce an IP 3 -linked cytosolic Ca ] c was calculated as the change in the peak Fura-4F ratio and the basal Fura-4F ratio (R peak −R basal ). The plateau [Ca response in HBV-expressing and control hepatocytes (Fig 1C) ] c . We confirmed this result using primary rat hepatocytes that were transfected with an HBx expression plasmid compared to hepatocytes expressing the vector control (pcDNA); similar HBx regulation of [Ca 2+ ] c was observed when HBx was expressed alone or in the context of the full HBV genome (Fig 1H) . HBx expression was confirmed by western blot analysis (Fig 1G) . ). Calculations were performed as described for Fig 1. The data represent the means ± SE and are taken from at least three experiments from different hepatocyte preparations. **P < 0.01 doi:10.1371/journal.pone.0168328.g002
Store-operated calcium entry regulates hepatitis B virus replication in primary hepatocytes rat hepatocytes were imaged in Ca
-free buffer and treated with the SERCA inhibitor, thapsigargin (TG). The ER is naturally leaky, and the addition of TG causes a complete depletion of the ER Ca 2+ store, thereby activating the SOC channel. Following ER store depletion, Ca 2+ was added back to the imaging buffer; increased Fura-4F ratios reflect Ca 2+ entering the cell through the open SOC channel [53] . When we compared the peak Ca 2+ level following TG treatment, indicative of the ER Ca 2+ level, and the initial rate of SOCE, we saw no change between HBx-expressing and control primary rat hepatocytes (Fig 3) , suggesting that HBx does not affect the level of Ca 2+ in the ER nor the rate of Ca 2+ entering through the SOC channel. When we compared the SOCE plateau, however, there was a significant increase in the level of Ca 2+ in HBx-expressing primary rat hepatocytes, as compared to control hepatocytes, indicating that HBx expression, both on its own and in the presence of other HBV proteins, does cause more SOCE-regulated Ca 2+ accumulation in the cytosol of primary rat hepatocytes (Fig 3) .
SOCE is required for HBV replication
Previous studies have shown that Ca 2+ signaling is required for HBV replication in various cell types [29, 30, 34] ; therefore, we next tested whether SOCE was specifically required to stimulate HBV replication in normal hepatocytes. We infected primary rat hepatocytes with a recombinant adenovirus encoding HBV (AdHBV). We previously reported that to facilitate measurement of HBV replication in primary hepatocytes, a high percentage of the ) was then added back to the imaging buffer, and Fura-4F ratios were recorded during the following 10 min. The ER Ca 2+ level was calculated as the difference in the peak Fura-4F ratio following TG treatment and the basal Fura-4F ratio (R TG peak −R basal ). The initial rate of SOCE was calculated as the slope representing Ca 2+ influx during the initial 15 seconds following Ca 2+ addition. The SOCE plateau was calculated as the difference in the plateau Fura-4F ratio following Ca 2+ addition and the baseline Fura-4F ratio prior to Ca 2+ addition (R plateau −R baseline ). The data represent the means ± SE and are taken from at least three experiments from different hepatocyte preparations. *P < 0.05 doi:10.1371/journal.pone.0168328.g003
Store-operated calcium entry regulates hepatitis B virus replication in primary hepatocytes hepatocytes must express HBV [25] . Under optimal transfection conditions, we have observed that only 30-40% of hepatocytes are transfected; however, AdHBV infection is extremely efficient and can deliver the HBV genome to close to 100% of the cultured hepatocytes. We utilized two SOCE inhibitors, 2-aminoethoxydiphenyl (APB) and lanthanide (La 3+ ), to assess the requirement for SOCE in HBV replication (Fig 4A and 4B ) [47] . Upon
AdHBV infection, primary rat hepatocytes were treated with either 50 μM APB or 1 μM La 3+ for 48 hours, and HBV replication was then measured via Southern blot analysis as previously described [29] . Due to the partially double-stranded nature of the HBV genome, HBV replication appears as a smear with three distinct bands that represent three replicative intermediates: relaxed circular (RC), double-stranded linear (DL), and single-stranded linear (SS). Interestingly, treatment with both SOCE inhibitors significantly decreased levels of HBV replication to a similar level of replication that occurs with HBx-deficient HBV (HBV Ã 7) (Fig 4C) . We also assessed the effect of SOCE inhibition on expression levels of HBV core protein (Fig 4D) and HBV mRNAs (Fig 4E) in order to pinpoint the specific stage ). Calculations were performed as described for Fig 3. The data represent the means ± SE and are taken from at least three experiments from different hepatocyte preparations. (C-E) Primary rat hepatocytes were infected with a recombinant adenovirus expressing HBV (AdHBV) and treated with the SOCE inhibitors for 48 hrs or infected with a recombinant adenovirus expressing an HBxdeficient HBV (AdHBV*7). Levels of HBV replication (Southern blot) (C), HBV core protein expression (western blot) (D), and HBV mRNAs (northern blot) (E) were assessed. 
HBV does not alter levels of SOC channel components
To further define the effect of HBV on SOCE, we monitored expression levels of SOC channel components in HBV-expressing and control primary rat hepatocytes. HBV regulates the expression of many proteins by activating transcription [22, 26] , and studies have indicated that altered expression levels of Stim and Orai proteins can impact SOCE [51, 54] . We used RT-qPCR to assess the level of Stim1 and 2 and Orai1 and 3 mRNA transcripts in HBVexpressing and control primary rat hepatocytes (Fig 5A) . Expression levels of Orai2 are extremely low in hepatocytes [54] and difficult to detect via RT-qPCR, and we therefore did not include Orai2 in this analysis. We previously showed that the levels of ALDO mRNA are decreased in the presence of HBV [36], and we included this target as a control for our assay. We observed equal Stim2, Orai1, and Orai3 mRNA expression levels in HBV-expressing and control cells and a slight increase in Stim1 mRNA (~1.2 fold). Although this slight increase in Stim1 mRNA was statistically significant, whether this increase is biologically relevant is unclear, as we did not detect an increase in Stim1 protein levels within the time frame of our studies (Fig 5B) . It was not possible to measure protein expression for all SOC channel components because antibodies for detecting these components in rat cells are not available. We confirmed our RT-qPCR results and expanded our analysis to other factors that control Ca 2+ signals in hepatocytes with data generated from an unbiased sequencing of the poly-Aselected RNA transcriptome (RNA-seq) of RNA isolated from primary rat hepatocytes that were infected with AdGFP or AdHBV ( Fig 5C and Table 2 ). This analysis is described in detail in [55] and was conducted on two independent isolations of primary rat hepatocytes, referred to in Table 2 as Datasets I and II. Using this data, we confirmed our targeted RT-qPCR results by comparing levels of transcripts that code for the canonical SOC channel components and also investigated whether HBV alters levels of transcripts that code for other proteins that could influence SOCE and cytosolic Ca 2+ signaling. We detected mRNA transcripts for Stim1 and 2 and Orai 1, 2, and 3 and, consistent with our qPCR results and with the findings of others, we observed equal mRNA expression of Stim1 and 2 in control hepatocytes, whereas Orai2 was expressed at much lower levels in control hepatocytes than Orai1 or 3 [54] ( Table 2) . Importantly, when we compared mRNA expression of these factors between control and HBV-expressing primary rat hepatocytes, we observed no change in expression, supporting our conclusion that HBV does not alter expression of SOC channel components to enhance SOCE (Fig 5C and Table 2 ). In addition to the canonical components of the SOC channel, members of the transient receptor potential cation (TRPC) channel family can bind to Stim or Orai proteins to facilitate Ca 2+ influx into the cell [51, [56] [57] [58] [59] . We detected TRPC1, 2, 6, and 7 mRNAs in control hepatocytes; our detection of expression and expression levels of specific members of the TRPC family in hepatocytes is consistent with previously reported observations [60, 61] . Importantly, when we compared expression levels of the detected members of the TRPC family in control and HBV-expressing primary rat hepatocytes, we detected no change (Fig 5C and Table 2 ), suggesting that HBV does not regulate mRNA transcript levels of canonical or noncanonical components of the SOC channel. We also detected PMCA-1, 2, 3, and 4 mRNAs and SERCA-1, 2, and 3 mRNAs. Interestingly, PMCA1 and SERCA2 mRNAs seem to have the highest expression levels in primary rat hepatocytes, as compared to PMCA-2, 3, and 4 or SERCA-1 and 3, respectively (Table 2 ) [62] ; although it is important to note that mRNA levels might not directly correlate with protein levels [63] . HBV expression did not alter the levels of PMCA-1, 2, 3, or 4 mRNAs or SERCA-1, 2, or 3 mRNAs (Fig 5C and  Table 2 ), suggesting that HBV does not regulate mechanisms that pump Ca 2+ out of the cytoplasm, at least at the mRNA transcript level. Finally, we also detected mRNA transcripts that code for IP 3 R-1, 2, and 3 ( Table 2 ). In Dataset 1, transcript levels for all three isoforms appear to be expressed at equivalent levels; however, in Dataset 2, transcript levels for IP 3 R-3 are expressed at much lower levels than IP 3 R-1 or IP 3 R-2, which is consistent with previous reports (Table 2 ) [64] . It is unclear why the expression levels of the IP 3 Rs are so different in the two datasets, as similar differences in expression levels between datasets were not observed for the other factors that were analyzed. Importantly, HBV expression did not alter levels of the mRNAs coding for any isoform of IP 3 R (Fig 5C and Table 2 ), supporting our finding that AdHBV. 24 hrs post infection, total RNA was isolated and RNA-seq analysis was performed. Expressed genes were plotted on a log10 scale (grey). Ca 2+ signaling-related genes were highlighted (black dots) to show that they do not deviate from the expected slope of 1 (black diagonal line), which would represent no difference in gene expression between AdGFP-and AdHBV-infected hepatocytes. Points along the middle of the plot were expanded (inset) for clearer representation. response (Fig 1C) . While no change in gene expression does not necessarily correlate to no change in the protein level, HBV regulates protein expression primarily at the level of transcription, and the results of our total transcriptome analyses and RT-qPCR studies suggest that HBV does not regulate [Ca 2+ ] c and SOCE by altering expression levels of the Ca 2+ regulators assessed here.
HBV/HBx alters a secondary regulatory mechanism to enhance SOCE
In addition to alterations in the expression level of SOC channel components, several mechanisms have been proposed to regulate SOCE. High [Ca 2+ ] c in the vicinity of the SOC channel opening can initiate negative feedback signals that shut down SOCE; many SOCE regulatory mechanisms act by either augmenting or delaying negative feedback signals, resulting in dampened or enhanced SOCE, respectively [51, 65] . Thus far, we have shown that HBV expression enhances SOCE-regulated Ca 2+ accumulation in the cytosol without altering the rate of SOCE (Fig 3) . We have also shown that this enhanced Ca 2+ accumulation is not due to altered levels of SOC channel components ( Fig 5 and (Fig 6) , confirming that HBV, via HBx, does not affect the rate (and likely the activity) of the SOC channel. When we analyzed the Ba 2+ plateau following addition of Ba 2+ however, we observed that the increase that we had observed when Ca 2+ was added back was now lost in HBx-expressing cells (Fig 6A and 6B) . Because Ba 2+ entry is not impacted by SOCE regulatory mechanisms, this result led us to conclude that a SOC channel regulatory mechanism is likely responsible for facilitating increased SOCE in HBx-expressing cells. It is not possible to calculate the plateau formed by Mn 2+ addition because Mn 2+ binding to Fura-4F quenches the Fura signal. In all, these results indicate that HBx, both when expressed on its own and in the context of the entire HBV genome, likely does not directly influence the activity of the SOC channel, but perhaps alters SOC channel regulatory mechanisms, such that negative feedback signals that would normally shut down SOCE are not activated, resulting in prolonged SOC channel activation and, subsequently, ] m in HBx-expressing cells compared to control cells (Fig 7C and 7D) [75] [76] [77] . VDAC proteins are a component of the mitochondrial permeability transition pore (MPTP), which can regulate mitochondrial Ca 2+ uptake and efflux [78, 79] . Interestingly, a fraction of HBx interacts with VDAC3 on the OMM [24] . TFAM is essential for mitochondrial DNA transcription and replication; while TFAM primarily regulates transcription of mitochondrial genes, recent evidence suggests that TFAM can also regulate expression of nuclear genes, including SERCA [80] . Altered expression levels of these various components could impact mitochondrial Ca 2+ accumulation. Interestingly, we observed equal MCU, VDAC2, VDAC3, and TFAM mRNA expression levels in HBV-expressing and control hepatocytes and a 1.5-fold increase in MICU1 expression (Fig 7E) . These ). Calculations were performed as described for Fig 3 (C and D) Control and HBx-expressing primary rat hepatocytes were loaded with 5 μM Fura-4F and treated with 100 μM, followed by 10 μM CCCP. The mitochondrial Ca 2+ level was calculated as the difference in the plateau Fura-4F ratio following CCCP addition and the baseline Fura-4F ratio prior to CCCP addition (R plateau −R baseline ). (E) Primary rat hepatocytes were infected with a control (AdGFP) or HBV-expressing recombinant adenovirus (AdHBV). 24 hours post infection, RNA was isolated and RT-qPCR was performed for expression of MCU, MICU1, TFAM, VDAC2, and VDAC3 mRNAs. (A-E) The data represent the means ± SE and are taken from at least three experiments from different hepatocyte preparations. *P < 0.05 can initiate signaling cascades that impact major cellular processes ranging from gene expression to cell growth and cell death [2] [3] [4] [5] . Not surprisingly, it has been suggested that many human diseases may be caused by the remodeling or disruption of Ca 2+ signaling pathways, resulting in inappropriate Ca 2+ responses that are either too high or too low [12, 81] . Chronic infection with HBV is associated with various liver diseases and is the most common cause of HCC [13] [14] [15] . We have demonstrated that the HBV regulatory protein, HBx, alters normal cytosolic Ca 2+ signaling in cultured, primary rat hepatocytes, and that HBx modulation of cytosolic Ca 2+ is required for HBV replication.
HBx is the only regulatory protein encoded in the HBV genome; its expression stimulates HBV replication and is thought to influence the development of HBV-associated HCC [16-22, 26, 82-85] (Fig 1B-1H) . The HBx-induced elevation of cytosolic Ca 2+ required influx of extracellular Ca 2+ (Fig 2B and 2C ) through SOC channels (Fig 3) . Importantly, SOCE-dependent HBx elevation of Ca 2+ was essential for HBV replication in normal hepatocytes (Fig 4C) , thus highlighting the significance of our studies.
Modulation of Ca 2+ signaling may also be a key event in the pathogenesis of many other viruses, including hepatitis C virus (HCV), human immunodeficiency virus (HIV), human Tlymphotropic virus-1 (HTLV-1), rotavirus, influenza A virus, enterovirus, and human herpesviruses (HHV) [6, 7] . ] c are not fully defined [6, 7] . The components and nature of the SOC channel have only recently been defined, and so only a handful of viruses have been shown to modify this process, including HBV, rotavirus, and enterovirus [34, 89, 90] . Interestingly, rotavirus has been shown to activate SOCE via increased permeability of the ER Ca 2+ store and a resultant decrease in ER Ca 2+ levels. This increased ER permeability was linked to the rotavirus regulatory protein NSP4, which contains a viroporin activity [90, 91] . Alternately, modulation of SOCE by enterovirus was linked to activities of the viral regulatory protein LMP-1, which increased expression of Orai1 [89] . Importantly, we did not see a change in ER Ca 2+ levels and HBx does not exhibit viroporin characteristics [92] . We also did not observe altered expression levels of SOC channel components, indicating that the method of SOCE modulation by HBV is different from that of either rotavirus or enterovirus. ] c could accumulate in the cytosol [95, 96] . The authors of this previous study proposed that HBx elevation of cytosolic Ca 2+ was directly caused by stimulating the pro-apoptotic activation of caspase 3, which subsequently cleaved and inactivated PMCA, decreasing Ca 2+ efflux from the cytosol to the extracellular environment, resulting in elevated [Ca 2+ ] c [87] . It is important to note, however, that these studies were only conducted in a small number of HepG2 cells and HeLa cells with over-expressed HBx; the results were not confirmed in the context of the full HBV genome [87] . Moreover, cleavage of PMCA was only demonstrated in HeLa cells, which are derived from a cervical carcinoma. In contrast, we have demonstrated that HBx is normally anti-apoptotic in primary hepatocytes and does not activate caspase 3 [33, 36] . Overall, these contrasting results highlight the importance of directly assessing HBx activities in the context of the full HBV genome and in biologically relevant models systems such as cultured primary hepatocytes. Further defining the mechanism underlying HBV regulation mitochondrial Ca 2+ uptake is the focus of our ongoing studies.
In addition to regulating HBV replication, HBx elevation of cytosolic Ca 2+ may also be linked to the development, progression, and/or maintenance of HBV-associated diseases. Hepatocytes are constantly exposed to various insults, toxins, and growth hormones that could initiate an IP 3 -linked Ca 2+ response [97] [98] [99] . In normal, non-HBV-infected hepatocytes, the 
